The distribution of dislocations and domains found in thin ZnSe films grown by molecular-beam epitaxy on GaAs(100) has been examined with low-temperature cathodoluminescence (CL) imaging and spectroscopy. Dark-line and bright-line defects in the low-temperature CL imaging of the free-exciton (FE) and Y-band emissions, respectively, are found to correlate with the presence of [ 1 iO]-oriented misfit dislocations for l-pm-thick films found to grow nearly two dimensionally. For a sample exhibiting mixed two-and three-dimensional growth characters, large domains (-1-5 ,um widths) in the CL imaging of the ZnSe FE emission were found to correlate with a cellular pattern found in the imaging of the GaAs exciton and band-edge-to-acceptor emissions. These results show that the optical properties of the ZnSe film and GaAs substrate are coupled and influenced by Zn diffusion into the substrate during growth.
INTRODUCTION
ZnSe, one of the most promising II-VI wide band-gap semiconductor materials, has attracted a great deal of attention in the blue wavelength range for optoelectronic device applications. The potential for hybridization of II-VI with III-V optoelectronics has led to significant efforts in optimizing the epitaxial growth of ZnSe layers on GaAs substrates.'.' The residual strain, attributed to both lattice mismatch (0.27% between ZnSe and GaAs at room temperature) and different thermal-expansion coefficients, results in structural defects such as dislocations, stacking faults, and microtwins. ' In addition, both intrinsic and extrinsic background defects, such as vacancies and unintentional impurities, can be introduced during the heteroepitaxial growth. ' More comprehensive studies should also examine the influence of ZnSe growth on the structural and optical properties of the GaAs substrates since device performance may depend on the quality and stability of the interfacial region. A variety of analysis techniques including photoluminescence (PL),lm4 x-ray diffraction,' and transmission electron microscopy (TEM)2*3 has been used to characterize the optical and structural quality of ZnSe films.
We have studied the interplay between the structural and optical properties of ZnSe/GaAs(lOO) using low-temperature cathodoluminescence (CL) imaging and spectroscopy. In particular, the influence of the mode of growth on the resulting optical properties has been examined. Using molecularbeam epitaxy (MBE) for the growth of lattice-mismatched heterostructures, the growth modes of ZnSe/GaAs(lOO) can be varied between two-dimensional (2D) layer-by-layer and the Volmer-Weber type in which three-dimensional (3D) islands nucleate and grow during the initial stages of interface formation. ' Guha and co-workers,' using TEM, have shown that the dislocation distribution in ZnSe/GaAs films is affected by the formation of 3D islands which cause a marked enhancement in the threading dislocation density and shorta'Author to whom correspondence should be addressed.
ening of the misfit dislocation segment length. Using CL, we have established, for the first time, a correlation between the commonly observed Y bands seen in photoluminescence of ZnSe/GaAs with the presence of [liO]-oriented misfit dislocations. We also address the modification of the GaAs substrate optical properties, and find a correlation between the occurrence of domains in the ZnSe film and the presence of enhanced Zn acceptor incorporation at cellular boundaries in the GaAs substrate. The interdiffusion of Zn and Ga at the ZnSe-to-GaAs interface for MBE-grown samples was recently found to affect the heterojunction band bending near the interface and to influence carrier transport5 Therefore, an understanding of the interplay between the electronic, optical and structural properties of ZnSe films and the host GaAs substrates is of paramount importance in assessing the feasibility for hybrid device fabrication.
EXPERIMENT
The MBE growth procedure for the ZnSe/GaAs(lOO) samples studied here has been previously described.' Different growth conditions were employed to achieve the 2D layer-by-layer and 3D growth modes. Briefly, an Asstabilized GaAs(lOO)-(2X1) surface at 300 "C was exposed to both Zn and Se fluxes simultaneously and resulted in mixed 2D and 3D growth characters, previously referred to as an intermediate 2D (12D) mode,' as determined from a reflection high-energy electron-diffraction (RHEED) analysis. When the As-stabilized GaAs(lOO)-(2X1) surface at 300 "C was exposed to a Zn flux for about 1 min prior to exposure to the Se flux, RHEED analysis showed the growth to be a nearly ideal 2D layer by layer. The I2D-and 2D-type ZnSe films were grown to thicknesses of 2700 A and 1.0 pm, respectively. Subsequent TEM analysis of the 12D sample showed that the misfit dislocations are mainly 60" dislocations with segment lengths less than -1 ,um and a threading dislocation density of about 3X108 cm-'. The TEM analysis of the 2D sample showed a threading dislocation density of -1X106 cm-'. X-ray-diffraction measure-T = 17K ments of the I2D and 2D samples indicated that about 30% and 75%, respectively, of the elastic strain had been relieved. Cathodoluminescence measurements were performed with a JEOL 840-A scanning electron microscope. The CL optical collection system and low-temperature cryogenic specimen stage were designed and constructed at USC. The luminescence emitted from the sample was collected with an ellipsoidal mirror which focuses the radiation onto an optical fiber bundle leading outside the SEM vacuum chamber to a 0.25 m focal length monochromator which was set for a 1 nm total spectral resolution. A cooled GaAs:Cs photomultiplier photon counting system was used for detection.
CL RESULTS AND DlSCUSSlON
A. CL spectra of ZnSe/GaAs 2D and 120 samples Cathodoluminescence spectra of the 2D and I2D samples are shown in Fig. 1 . A beam current of 3 nA rastered over a 120X90 pm2 region of the samples was used. The samples were maintained at a temperature of -17 K. The electron-beam energy was varied and spectra for 10 and 20 keV beam energies for each sample are shown. The relative scaling factors for each portion of the spectra are indicated. The samples show sharp emission peaks associated with the free exciton E, , at a wavelength of 443 nm and its LO phonon replica, E,-LO, at 450 nm.3 Also, appearing as a shoulder on the lower-energy side of E, are emissions stemming from the donor-bound exciton (D',X) at 445 nm, where the donor is most likely Ga on Zn sites.te4 Emissions labeled Y. and Y, are observed in the spectra. These have previously been attributed to the presence of structural defects from PL and TEM studies.3 A broad deep-level emission (DLE) peak associated with impurities or defects is centered at 545 nm.' Because the band gap of the ZnSe film is greater than that of GaAs, the optical properties of the GaAs film can easily be studied by tuning the electron-beam energy so that significant electron-hole pair creation takes place in the substrate.6*7
The GaAs near-band-edge emission features are readily observed with the free-exciton (FE) and bound-exciton (BE) emissions observed at 820 nm. The intense peak at 831 nm is associated with the free-electron-to-acceptor transition (e,A).8,9 The incorporation of Zn into the GaAs interfacial region during the MBE growth is expected to give rise to this emission, and a previous study of Zn-ion-implanted GaAs corroborates with this emission energy. ' The presence of carbon impurities in the bulk GaAs would also be expected to give rise to a similar emission energy.8*9
In order to distinguish between Zn and C, we have examined the GaAs near-band-edge CL spectra for different electron-beam energies; spectra for 10 and 20 keV are shown in Fig. 1 . The ratio of GaAs FE+BE and (e,A) peak CL intensities versus electron beam energy for both 2D and 12D samples is shown in Fig. 2 . A variation in the beam energy over the range lo-40 keV results in a corresponding tenfold increase in the penetration depth R,, and the peak position R 111) of the electron-hole pair density creation functionhq7 Theoretical plots of K,, and R, as a function of the beam energy, from the one-dimensiotlal penetration model of Everhart and WoffT7 are shown at the top of Fig. 2 for an electronbeam excitation in GaAs. It is apparent that by probing deeper into the sample, with higher-energy beams,6'7 the ratio of the FE+ BE to (e,A) emission intensity increases nrdrkrdly for both 21) and 12D samples, demonstrating that acceptor incorporation occurs at the ZnSe-to-GaAs interface, where the Zn concentration is expected to be the greatest. Also, the marked increase in the Fe+Be to (e,A ) emission ratio for energies greater than 5 and 12 kc\< corresponding to an R, of 0.23 and 1.0 p.m (as shown in Fig. 2 ), demonstrates that electron-hole pair generation in the GaAs region below the intert%ce begins at -5 and -1.2 keV for the I2D and 2D samples, which have ZnSe film thicknesses of 0.27 and 1.0 ,um, respectively. Therefore, the electron-beam energies at which there is an onset of an enhanced FE+BE emission relative to (e,A) emission correspond to probing depths which correlate strongly with the positions of the ZnSe/GaAs interfaces for both 2D and 12D samples, showing that Zn is incorporated into the C&As at the interface during ZnSe growth, in agreement with Ref. 5.
Monochromatic CL imaging of 12D ZnSe/GaAs
Scanning monochromatic CL images for the I2D sample are presented in Fig. 3 sions. Figure 3 (a) shows a CL image with h=443 nm, corresponding to the FE emission. The image reveals bright spots having less than -5 pm width surrounded by welldefined dark boundaries having a reduced radiative recombination efficiency. The CL image corresponding to the Y. emission at 474 nm is shown in Fig. 3(b) . Regions of high Y,, emission intensity are surrounded by larger dark regions. The Y,! emission has been previously attributed to the presence of dislocations,3 although the spatial distribution was not studied. Therefore, in Fig. 3(b) , the bright regions are associated with the Y,, emission and must delineate regions of higher dislocation density relative to adjacent darker regions in the image. Figure 3(c) shows the DLE distribution at 545 nm which is spread nearly homogeneously in the image. Figure 4 shows an intensity versus position histogram for an arbitrary line scan at the ZnSe FE (443 nm) and GaAs FE+BE (820 nm) emissions. There is a clear spatial correlation between the peaks and valleys in the luminescence, indicating that the ZnSe FE emission is associated with emission from the center of domains while the cellular structure of Fig. 3(d) is associated with domain boundaries. For the case of In,Ga, -XAs/GaAs(lOO) grown for compositions that Ied to three-dimensional island growth, Ghaisas and Madhukar"' argued that defects and dislocations can form as a result of the coalescence of 3D islands. Therefore, it is our hypothesis that coalescence of islands in ZnSe/GaAs(lOO) can lead to the presence of cellular boundaries. These boundaries are characterized by a relatively high defect concentration which decreases the recombination efficiency for ZnSe FE emission. This reduction in recombination cfflciency at the cell boundaries is consistent with the observed dark regions surrounding bright spots in Fig. 3(a) . In support of this view, a previous CL study of polycrystalline ZnSe has shown the quenching of bandedge luminescence at the grain hound:uies.'1 Likewise. the enhanced Zn doping in the GaAs at the domain or cell boundary could result from highdiffusivity Zn pathways to the GaAs substrate resulting from threading dislocations and subgrain boundaries." These enhanced regions of Zn incorporation in the GaAs substrate would lead to a cellular pattern, as measured in Fig. 3(d) , that would mirror the boundaries generated by ZnSe island coalescence which is indicated by the regions of reduced radiative recombination efficiency in Fig. 3iaj . The increase in the &AR FE-+BE to (.c,il) emission intensity ratio (Figs. 1 and 2) as the probing depth is increased also further supports the notion that the Zn acceptors are diffusing into GaAs from high-concentration sources along the ZnSe-to-GaAs interface.
C. Monochromatic CL imaging of 2D ZnSe/GaAs
Cathodoluminescence imaging of the 2D layer-by-layer sample is illustrated in Fig. 5 . Figure 5(,a) is the ZnSe FE emission image at 443 mn. Dark-line defects (DLDs) and dark spots, as a result of misfit and threading dislocations, respectively, are seen. The CL. imaging of the lnGaAs/GaAs system also shows misfit-dislocation-induced DLDs occurring almost exclusively along the high-symmetry shows that the local variation in emission intensity is related to variations in Zn acceptor incorporation. The differences in the emission patterns of Figs. 3(c) and S(e) further demonstrate that complex pathways for Zn diffusion (e.g., possibly via surface defects such as missing As-dimer vacancies, kinks, and surface steps on the clean GaAs substrate prior to ZnSe growth) '" into GaAs are connected to the mode of ZnSe growth.
IV. CONCLUSION
In conclusion, we have examined the optical properties of ZnSe/GaAs(lOO) using different MBE growth procedures which lead to intermediate 2D and 2D layer-by-layer growth modes. After analyzing the GaAs exciton-and acceptorderived CL emissions as a function of electron-beam probing depth, we conclude that Zn-acceptor diffusion into GaAs OCcurs at the ZnSe/GaAs interface. Likewise, CL emission derived from the donor-bound exciton, which most likely originates from Ga diffusion into the ZnSe epilayer, is measured. For intermediate 2D growth, an enhanced Zn incorporation into GaAs is found to occur at ZnSe domain boundaries, as a cellular pattern was observed in the monochromatic CL imaging of the GaAs substrate emissions. Layer-by-layer growth results in strain relief via the formation of long misfit tin, Rich, and Wit-try dislocation segments which correlate with the Y, emission, appearing as bright-line defects in the CL image, along only one of the (110) directions. The present study demonstrates that interdiffusion between elements originating from the substrate and epilayer which in our case is Ga and Zn, re-' spectively, can be monitored by simultaneously performing measurements of CL emissions that stem from both the film and substrate.
